Abstract: Optimal design of tunnels and surge tanks is a major concern in the implementation and operation of large hydropower plants, particularly those in which tunnels are long and water hammer is likely. In this paper, flow simulation and an optimization process have been linked in an iterative manner to develop a general model for the optimal design of hydropower tunnels and surge tanks for the emergency condition of operation (maximum surge pressure). The governing equations for the analysis of transient flow in conduits are solved using a finite difference scheme. Furthermore, a genetic algorithm (GA) optimization technique is utilized to select the optimal diameter for the headrace tunnel, penstocks, and surge tanks. The benefit-cost ratio is considered as the objective function in the optimization analysis. The proposed method was used to design diameters for Marun hydropower tunnels (an in-operation large hydropower dam located in southwest Iran). The results were compared with results from a nonlinear optimization technique. They revealed considerable savings in construction cost, attributable to the application of GA. The calculated pressures across the tunnels with and without surge tank agree with valve closure theory and previous studies. The model is able to optimize diameters for a branching system of tunnels and penstocks with surge tanks.
Introduction
Many optimization techniques are used to estimate benefit-cost ratios and select the optimal design for water conveyance and water supply systems. In general, optimization techniques are calculus-(linear and nonlinear), enumerative-, and intelligent random-based searches, e.g., genetic algorithm (GA) and particle swarm optimization (PSO). The calculus-based techniques are limited to smooth and continuous functions (e.g., capable of being integrated) and are optimized locally. In contrast, the trial and error attempts in enumerative methods are successful for small trial fields and simple cases. Because of these limitations, the intelligent random methods are growing in popularity. Among the random methods, genetic algorithms are general-purpose search algorithms based on the principles of evolution and genetics observed in nature. In this algorithm, the selection, crossover, and mutation are the primary factors for improvement during new generations (iterations). After the evolution of the initial population through many generations, the chromosomes (or solutions) within the final population will generally be much better as a group than the chromosomes within the initial population. Furthermore, the best chromosome in the final population is likely to be near the global optimal if the genetic algorithm was run for a sufficient number of generations (Boulos et al. 2000) .
The water conveyance system of a large hydropower typically consists of a low pressure concrete tunnel (headrace) before the surge tank and one or more high-pressure steel pipes (penstock) between the surge tank and terminal valves that control flow passing through the machines (Fig. 1) . The surge tanks are supplied in the system for relief of large pressures created in the penstock, attributable to closure of the control valve. The closure of the control valve is termed fast if the valve closing time (t c ) is less than the total travel time of the created high-pressure wave toward the reservoir and the bounced back, pressure relief wave toward the valve (2L=C, in which L is the distance between the valve and reservoir and C is the pressure wave speed). In fast closure, the highest possible pressure, which is based on flow velocity and the theory of Zhukovsky, is created in the system (upstream of the valve) even if it is for a split second. The closure is termed slow if the earliest relief pressure wave reaches the valve before complete valve closure. In slow closure, the created pressure is a fraction, typically assumed to be equal to the ratio of ð2L=CÞ=t c for linear valve closure in practice, of the highest possible pressure (which occurs in fast closure), has a minimum near the reservoir, and has a maximum behind the valve (Daugherty and Franzini 1977; USBR 1986) . Therefore, valve closure speed and the length of tunnels or simply penstock (if a favor surge tank is employed) determine the fast and slow status of the closure and the likelihood of the highest possible pressure in the system.
Because of a large exchange of energy and momentum, and uncertainties in the estimation of input parameters (Duan et al. 2010) , the analysis of unsteady friction and head loss is complicated in transient flow. Duan et al. (2011) showed that unsteady friction damping has less of an effect on the damping rate of the transient envelope in practice for large-scale pipe systems. They found the effect of unsteady friction shear to be less than the effect of steady friction shear when Reynolds number and steady Darcy-Weisbach friction coefficients are large. This is the case for design of the large tunnels in this paper. In addition, according to the illustrations in Bergant et al. (2001 Bergant et al. ( , 2008 , the unsteady friction does not affect the first pick surge (maximum pressure) in the fast closure, which is the case for the design variables in this paper. Therefore, in this paper, only steady state friction lost is of concern and the highest probable surge pressure (for emergency condition of operation), based on the theory of Zhukovsky, is used to determine optimal diameters.
To find an optimal benefit-cost ratio, many alternatives and combinations of headrace tunnel, penstock, and surge tank sizes are considered in the design process of a hydropower plant. Selection of headrace tunnel and penstocks smaller than the optimal size decreases costs but increases the cost for a proper surge tank. This will also cause an increase of head lost and a decrease of efficient head. However, over-design of tunnels and penstocks increases total costs even though the cost for a surge tank is reduced. Both cases result in a decline of profits from the energy sale. Therefore, for maximum benefit, the overall combination of headrace tunnel, penstock, and surge tank sizes should be optimized simultaneously in a hydropower system. Among various optimization techniques, linear programming has been widely used to optimize water distribution systems (Bhave and Sonak 1992) , but many researchers have used nonlinear optimization techniques (Ormsbee 1989; Samani and Naeeni 1996) . The genetic algorithm optimization is a powerful tool to solve trial and error problems in hydraulics and hydrology, including the design of cascade stilling basins (Bakhtyar and Barry 2009) , water distribution systems (Olsson et al. 2009; Babayan et al. 2007) , pipe networking systems (Davidson et al. 1999; Wu and Simpson 2002; Tabesh et al. 2009) , and calibration of storm water runoff models (di Pierro et al. 2006; Fernando and Jayawardena 2007) . Genetic algorithm techniques have also been used for planning and operation of hydropower stations (Aditya 2003; Cheng et al. 2008) . However, the authors found no published manuscripts on the optimal design of large-scale and flexible system of tunnels and surge tanks.
With the increase of complexity and problem scale of water resource systems, GAs are most frequently required in more complex problems that include determining diameters, optimal placement, number of tunnels, and number of surge tanks for a system. Systems with variation in upstream boundary condition (i.e., reservoirs with variable water levels), or systems with multi-parallel tunnels and surge tanks that are deployed in mountain river hydropower plants (because of large river slopes), are examples of the complex systems.
The purpose of this paper is to develop an implicit, spacecompact finite difference scheme to analyze unsteady state flow attributable to fast closure (in case of a fault in system emergency operation) and slow closure (for control valve maneuvering, normal condition of operation), and use GA to select optimal diameters for hydropower tunnels and surge tanks. This scheme is capable of determining the pressure variation in a system, which includes a flexible combination and branching system of tunnels and penstocks. It is furthermore able to estimate the water levels in surge tanks for optimal diameters. An iterative procedure is deployed to link the flow and optimization tools, and calculate the cost-benefit ratio. The GA is used because of its flexibility, robustness, and its wide use in mathematical models for planning and management of water resource projects. Tunnel and penstock diameters are optimized in this paper as a major and dominant variable to affect the flow and other flow related design variables, and thus the overall cost and profit for a large dam project.
Transient Flow Equations
The governing equations and theorems for the analysis of transient flow in closed conduits can be found in standard references (Chaudhry 1987; Wylie and Streeter 1990) . The equations include continuity and momentum, respectively, as follows:
in which H = pressure head; Q = flow discharge; a = wave speed; f = Darcy Weisbach friction factor; D = conduit internal diameter; A = cross-sectional area; g = gravitational acceleration; θ = conduit center line angle with the horizon; x = distance along conduit center line from reservoir; and t = time. A fault or variation in demand load yields transient flow in the system, which is governed by Eqs.
(1) and (2). The following boundary conditions are applied to the boundary nodes.
Upstream Reservoir
The head at the connection of the headrace tunnel with the reservoir is taken as the reservoir head and assumed to remain constant for large reservoirs during the surge period, i.e.,
in which x o = location of the reservoir.
Valves
The orifice relation, used for calculation of discharge through the valve at any time t, is 
Joints
In a junction of several tunnels, the head is equal for all branches and continuity holds (the summation of flow discharges is zero). Typically, hydropower tunnels consist of one large headrace tunnel connected to one or multiple penstocks by a single joint (point 2 in Fig. 1 ). Eqs (1) and (2) are written for any single tunnel or penstock in the branching system of tunnels. No loop network of tunnels or penstocks is considered for hydropower systems because of excessive costs.
Surge Tank
Assuming incompressible fluid and vertical connection of the surge tank throat with the penstock and headrace tunnel, the boundary condition for the surge tank is (Wylie and Streeter 1990) 
in which z = vertical distance along the surge tank from tunnel center line; dz=dt ¼ u; A sp = surge tank cross-sectional area; Q ht and Q p = flow discharge in the headrace tunnel and penstock; L ht , V, and k ht = length, flow velocity, and friction coefficient for the headrace tunnel, respectively; and k T = surge tank throat friction coefficient.
The numerical solution of Eqs. (1) and (2) are based on the approach suggested by Verwey and Yu (1993) . An implicit, spacecompact finite difference scheme is employed to simulate transient flow in the tunnels and tank that is attributable to a sudden flow change. The inertia terms in the governing equations can be manipulated to produce relatively fast convergence for steady state flow. The implicit finite difference scheme is based on a nonstaggered grid in time and space, for which in each grid point the independent variables Q and H are computed (Abbott and Basco 1989) .
The friction term in the momentum equation is expressed as
in which Δt = time step; j is a subscript that represents location along the x-axis; and n is a subscript for the time step. In transient flow, wall friction is a key parameter for variation of velocity profile at any time and space across a pipe (Brunone et al. 2000) . In this paper, the Darcy Weisbach friction factor is calculated using the Colebrook relation for Reynolds numbers (R) greater than 2,000, and f ¼ 64=R for Reynolds numbers less than 2,000.
Objective Function
The objective function in this paper is the benefit-cost ratio. The objective is to determine the best diameter for the headrace tunnel, penstocks, and surge tanks that maximize the objective function. The costs include long term project investment cost (C) and operation and maintenance cost (OMC). The project investment cost includes headrace tunnel, penstocks, and surge tanks. The costs include excavation, concrete, and steel linings. These costs are functions of the dimensions and lining thicknesses of the structures. Lining thicknesses are based on the maximum water hammer pressures calculated in the flow analysis of the tunnels.
The annual operation and maintenance cost (AOMC) is calculated as
in which υ is the operation and maintenance coefficient. Hence, the total cost present value (TCPV) will by definition be (Boulos et al. 2000) TCPV ¼ ðC þ υCÞ
in which r = interest rate for discounting; and N = lifetime of the investment. Assuming an infinite energy demand, the revenue of energy sale present value (RESPV) is
in which k e and E = unit price of energy (i.e., price of one kilowatthour) and annual energy capacity, respectively. E ¼ ρgQHe (in kilowatt-hour) multiplied by the number of machine working hours per year, in which ρ = mass density of flowing water; and e = machine efficiency, which is provided by the manufacturer. The subtraction of the revenue of energy sale present value, from Eq. (10), and the total cost present value, from Eq. (9), the present value of the benefit of energy sale (BESPV) is
and the benefit-cost ratio FðDiÞ is given in Eq. (12). Note that Di is the diameter of the tunnel, penstock, and surge tank.
Operation and maintenance costs (AOMC) and annual energy capacity (E) both depend on the design variables through Eqs. (9)- (12). The AOMC is a function of initial project cost C (which depends on the design costs), and E depends on the net head (H) at the end of the tunnel. Furthermore, the net head H depends on the design variable (D). In the case of a higher D value, the net head H and energy capacity are higher because of lower head lost.
Constraints
Headrace tunnel and penstock size constraints are obtained in accordance with the design recommendations given by the U.S. Bureau of Reclamation (USBR); see Gosschalk (2002) . These guidelines limit flow velocity to 2.5-7 m=s for steel lining tunnels, and 2-4 m=s for concrete lining tunnels. Dividing the flow discharges by the previously noted velocity ranges, the cross-sectional areas and consequently diameter range constraints can be determined. Furthermore, the surge tank diameter constraint is based on Thoma stability criteria (Davis and Sorensen 1969) . This criterion estimates the stable cross section for the surge tank based on the tunnel cross section and length, in addition to the steady state velocity, head, and head lost in the tunnel. A safety factor of 1.5 will be subjected to the estimated cross section in practice.
Coupling Flow and Optimization Components
The developed model consists of the flow and optimization analyses that are linked in an iterative procedure to optimize the costbenefit ratio. The fundamental design variables are the diameters of the tunnels, penstocks, and surge tanks, which govern all other controllable design variables (such as surge tank elevation, tunnel and surge tank wall thickness, and material) in a conveyance system of a dam construction project. This variable is the most costly and provides the most profit. Some other design variables, such as the length of the tunnels and location of the surge tank, are not considered because the dam site arrangements and construction issues typically control them.
The algorithm of the analysis is briefly shown in a flow chart (Fig. 2) and summarized as follows:
1. Sketch a layout of the hydraulic system and assign initial values to the model (including the length of the tunnels and penstocks, placement of the surge tanks, an assumed pressure wave speed, and flow and tunnel material properties). 2. The randomly selected diameters by GA for each tunnel and penstock branch and surge tank will be used in a steady state calculation for the determination of static pressure and velocity in the system. 3. The selected diameters (from step 2) and initial assumed wave
speed will be used to analyze the transient flow caused by the fast closure state (i.e., emergency condition of operation), using Eqs. (1) and (2). The previously noted boundary conditions for the reservoir, valve, joint, and surge tank are given to the model to determine the pressures in the headrace tunnel and penstocks and the surge elevation in the tank. 4. The calculated maximum probable pressure and static head will be used to calculate the wall thickness for the reinforced concrete tunnels and the steel penstocks. 5. The wave speed will be calculated with the thickness (step 4) and compared with the initial wave speed (step 1). If the difference is higher than an acceptable tolerance, the new wave speed will be used in step 3 and the process is continued to obtain a lower value than the tolerance. 6. Calculate the objective function using the steady head and discharge, annual energy capacity, and long-term profits. Long-term costs and maintenances are also calculated using diameters and thicknesses from step 5. 7. The formation of a new generation is as follows. The GA solver improves the old generation based on the control parameters (including cross over, migration, and mutation, as shown in Table 1 ) to assist in the optimal solution search; guidelines for selecting the control parameters are in Goldberg and Kuo (1987) . 8. The entire process will be repeated from steps 2-7 by a new GA generation, and iterations will continue until one of the GA stopping criteria occurs. This includes limitations assigned to the model for the running time or number of generations. The constraints, including the minimum required surge tank diameter (based on the Thoma stability criterion) and velocity limitations in tunnels and penstocks, are checked at the end of step 5. If the surge tank diameters are smaller than 1.2× that of Thoma's recommendation or the velocities are beyond the USBR recommended range, the cost for the surge tank or tunnel and penstock will be multiplied by an extremely large penalty coefficient. The resulting expensive alternative renders the benefit-cost ratio objective function very small; thus, it will be eliminated from the analysis.
Results and Discussion
To show the feasibility of the proposed model in practice, it is used to analyze the calculated parameters for the system shown in Fig. 1 . The model determines the best benefit-cost ratio and optimal design diameters for the headrace tunnel, penstock, and surge tank. In the system shown in Fig. 1 , the steady state water elevation in reservoir ðH o Þ ¼ 100 m, discharge ðQ o Þ ¼ 50 m 2 =s, length of the concrete headrace tunnel ðLhtÞ ¼ 1; 000 m, and length of the steel penstock ðLpÞ ¼ 700 m. Tunnels were horizontally centered at datum. Considering the combined effect of headrace tunnel and penstock on sound speed for the system, the maximum time for a fast valve closure (critical closure) was calculated as t c ¼ 2L=a
Using USBR recommendations and Thoma stability constraints, the model estimates optimal design diameters of the headrace tunnel ðDhtÞ ¼ 5.49 m, penstock ðDpÞ ¼ 4.97 m, and surge tank ðdÞ ¼ 15.58 m for the critical or emergency condition of operation at t=t c ¼ 1. The model-calculated pressure along the headrace tunnel and penstock for the optimal diameters is shown in Fig. 3 at three nodes 1,2, and 3, with and without use of the 16-m diameter surge tank (nearest rounded diameter to the optimized diameter of 15.58 m). The pressure in node 2 measures the maximum water level in the surge tank. Fig. 3 illustrates the considerable effects of closure speed, distance to the valve, and the presence of a surge tank on the maximum and minimum created pressures. Time and space responses of the equations to calculate the pressure and vaccum across the tunnels with and without surge tank agree with the theory of fast (t ¼ t c ) and slow (t ¼ 4t c ) valve closure. The surge tank is more effective in faster than slower closures. More detail regarding the effects of the closure time (t=t c ) and surge tank can be obtained from Figs. 4(a and b) for pressure variations across the tunnels at nodes 2 and 3. The significant effect of a surge tank on the large reduction of the maximum pressure behind the valve is illustrated in Fig. 4(a) . In addition, a comparison of the maximum pressures (without surge tank) at nodes 2 and 3 for fast closure (t ¼ t c ) reveal the considerable effect of the steady friction loss. The design pressure for the calculation of optimal diameters and benefit-cost ratio was the maximum pressure at the valve for t ¼ t c .
The combined effects of surge tank size and valve closure speed on reduction of the maximum pressure and vacuum behind the valve are shown in Figs. 5(a and b) . The figure provides an alternative strategy for use of a surge tank and maneuvering of the valve for pressure control. For the system shown in Fig. 1 , the difference in the created pressures with surge tank diameters greater than 16 m (e.g., a ratio of d=Dht ¼ 2.91 in dimensionless form) is not significant in Fig. 5 . This is in agreement with the estimated optimal diameter of 15.58 m by the model. This suggests a 20% increase in the Thoma stability criterion (which calculates a surge diameter ratio of d=Dht ¼ 2.45, for d ¼ 13.5 m and Dht ¼ 5.49 m in Fig. 1 ) is also sufficiently safe in general, as opposed to Jaeger (1995) and Eliasson et al. (1997) . They were more conservative and suggested a 50-100% increase in the Thoma stability criterion for practical applications. However, the figures suggest a smaller surge tank for a larger closure time. For a closure time of more than t=t c ¼ 4.0, the surge tank need not be considered.
In Fig. 6 , the calculated peak pressure and vacuum are normalized with the overhead of Joukowski (Hjk ¼ aQ o =gA) and compared with the Ramos et al. (2004) results. They have studied the peak pressure and vacuum attributable to fast and slow valve closures using a viscoelastic hypothesis for surge damping in the plastic pipes. The general trend for variation of the generated pressure and vacuum waves in this paper agrees with their results. A noticeable shift in both peak pressure and vacuum in Fig. 6 is attributable to the considerable difference in the estimated wave speed for a large steel tunnel (with predominant elastic behavior in this paper) and the small-scale plastic pipes (with viscoelastic behavior) considered in Ramos et al. (2004) .
To determine the best benefit-cost ratio, the interest rate of ðrÞ ¼ 16%, lifetime of investment ðNÞ ¼ 50 years, hydropower daily work = 20 h, and turbine efficiency = 92.5% were assumed. Based on the sensitivity of the developed model, the optimal values of the control parameters in Table 1 were assigned to the various fields of the GA model (Goldberg and Kuo 1987) .
The fitness values verses number of generations for the model in Fig. 7 show that the model reacts well and converges fast (less than 100 generations). Using the optimal design diameters for headrace tunnel, penstock, and surge tank, the proposed model estimates the best value of 1.61 for the benefit-cost ratio (Eq. 12). In this case, a local price list is used to estimate the costs and energy sale profits. The local price lists have considerable differences from place to place; hence, it will affect the value of the benefit-cost ratio and the optimized diameters. The calculated ratio was based on the new proposal for the optimal surge tank diameter, which was 20% larger than that suggested by the Thoma criteria.
Powell Method
The optimal diameters obtained by GA were compared with optimal diameters estimated by Powell's method, a nonlinear Pmax, d=10m Pmax, d=13.5m
Pmax, d=16m Pmax, d=20m
Pmin, d=5m Pmin, d=10m
Pmin, d=13.5m Pmin, d=16m
Pmin, d=20m optimization technique. Powell's method is the most widely used direct search method and is a method of conjugate directions, which minimizes a quadratic function in a finite number of steps. Because a general nonlinear function can be approximated reasonably well by a quadratic function near its minimum, a conjugate direction method is expected to speed up the convergence of even general nonlinear objective functions. The procedure of Powell's search can be obtained from Singiresu (1996) . Powell is a nonconstraint optimization technique, whereas constraints attributable to tunnel flow velocity and surge tank area are involved in the optimization of hydropower conveyance systems. The following transfer function is used in this study to limit the Powell search for diameters within an acceptable range by converting selected diameters (y i ) in nonlimited range to diameters (x i ) in a limited range (a i ≤ x i ≤ b i ):
The estimated diameters by Powell's method were 5.62, 4.95, and 16.52 m for the headrace tunnel, penstock, and surge tank, respectively. The best value for the objective function was calculated to be 1.58. Although the best value was lower, the time to converge was slightly faster than the GA approach. This is true because the objective function, given in Eq. (13), is a continuous function with a unique maximum, and gradient base methods converge faster as expected. Although the difference in best value is not considerable for the system in Fig. 1 , a larger improvement in the best value can be expected when GA is applied to more complex systems of tunnels. Moreover, Powell's algorithm may converge locally, present a local optimum, and thus stop searching for the global optimum.
In practice, there might be some limitations (attributable to cost, energy demand, and construction) that alter the number of penstocks. The challenge is to determine an optimal set of diameters for a particular number of penstocks. The GA and Powell methods were used to optimize the system in Fig. 1 with three and four penstocks (Fig. 8) . The optimal diameters and benefit-cost ratio for all cases are shown in Table 2 . In general, the table reveals a better benefit-cost ratio for a single penstock and lesser number of penstocks. In addition, the GA and Powell results for optimal diameters and benefit cost ratios are very close.
The GA and Powell solutions (in Table 2 ) are both near global for the continuous design variables in this study. However, the differences in optimal diameters, although minor, are consistent. For example, the Powell diameters for all headrace tunnels and surge tanks are larget than the GA diameters, whereas the penstock diameters are all smaller than the GA diameters. The differences could propagate and become considerable for complex and multiobjective cases because of the search strategy and interaction of variables and objective functions. The Powell search starts from a single point and proceeds towards the peak, whereas the GA seeks the peak from multiple points. Thus, the probability for the objective function to arrive closer to the global optimum is much higher in the GA versus the Powell case. The single objective function, Eq. (13), is a continuous function with a unique maximum.
Because of the search strategy, the GA method normally requires more time than the Powell method, but the solution is more precise. In general, GA works with continuous, discrete, or a mixture of continuous and discrete design variables, works with a coding of the parameter set, searches from a population of points, requires only payoff (objective function) information, uses probabilistic transition rules, and works from a database of points simultaneously (a population of strings) climbing many peaks in parallel, thus reducing the probability of finding a false peak (Goldberg and Kuo 1987) .
Marun Hydropower
The proposed model is used to estimate the optimal tunnel diameters for Marun hydropower tunnels. The Marun project is an inservice large dam hydropower plant, erected in 1984 on the Marun River in southwest Iran (Fig. 9) . The optimal diameters and the benefit-cost ratio are compared with the current sizes and the corresponding benefit-cost ratio. Because of site limitations, no surge tank was raised in the Marun project. In the absence of a surge tank, penstock 1 was required to be extended to the control room. The length and elevation information from Fig. 9 , a design discharge of 140 m 3 =s for two Francis-type turbine units (with an efficiency of 92%), an interest rate of 16%, lifetime investment of 50 years, and hydropower daily work of 20 h were used for the calculation of the benefit-cost ratio. For estimation of the optimal tunnel diameters, the authors assumed both control valves on penstocks 2 and 3 were closed simultaneously. This is the worst case, which is when a fault occurs in the system. The best estimated benefit-cost ratio by the model for the Marun hydropower plant is 1.577. In contrast, it is estimated to be 1.495 for the current sizes in use. The optimal design diameters generated by the model are compared with the diameters currently in use (in the Marun project) in Table 3 . The model for optimal tunnel diameters improves the long-term benefit considerably, although increasing the initial costs, attributable to larger diameters. The design criterion used during the erection of the Marun hydropower plant was only based on the economic diameters (minimum possible cost) that can assure the hydraulic constraint and power demand. Because the objective function in this study accounts for the long-term costs and benefits, the design diameters are estimated larger than the cost-based method. The optimal benefit-cost ratio for the Marun hydropower plant converged fast (less than 100 generations) and is illustrated in Fig. 10 . Based on the sensitivity of the model, similar optimal values to those shown in Table 1 for the control parameters were assigned to the various fields of the GA model.
The Powell method is also used to estimate diameters and best value for the Marun project. Powell's and GAs results are shown in Table 3 . For practical design purposes, both results are rounded up. Even after rounding, the GA value is still better than Powell's best value and the current value. In addition, rounding the diameters does not change the best value significantly, which shows that the solution is robust. It is extremely difficult to express all the effective variables in a comprehensive physical formula for calculation of the optimal diameters in practice. An interesting study by Davis and Sorensen (1969) resulted in a simple empirical formula for estimation of economic penstock diameters (d > 1.5 m) for Francis-type turbines based on the rated turbine power (KW, in kilowatts) and rated turbine head (H, in meters of water) as d ¼ 0.634ðKW 1=2 =H 3=4 Þ 0.86 . This formula is used to estimate economic penstock diameters for the Marun project. The estimated diameters were 5.04 m for penstock 1, and 3.74 m for penstocks 2 and 3, which have considerable differences with the optimized GA and Powell diameters in Table 3 . For estimation of the economic diameter of penstock 1, it was assumed that the system operates with one penstock, and the sum of the generated power by two machines on penstocks 2 and 3 was used.
Conclusions
A mathematical model is developed to employ the genetic algorithm technique and optimize the design diameters for hydropower conveyance systems. The design diameters were calculated based on the analysis of transient flow in the tunnels and surge tank, and the solution of the momentum and continuity equations using a finite difference scheme. Time and space responses of the equations to model the pressure and vacuum waves across the tunnels with and without surge tank agree with theory of fast and slow valve closure. The variation of the peak pressure and vacuum waves agreed with the findings of Ramos et al. (2004) . The benefit-cost ratio is utilized as the objective function in the GA, which is maximized. Accuracy and fast convergence of the developed model have been verified in two example cases. Although the GA-estimated tunnel diameters (based on the benefit-cost ratio) were larger than those based only on the costs as seen in the Marun hydropower plant, the long-term benefits were higher. In addition, the proposed safety factor for surge tank reduces the costs and increases the overall benefits. The GA results were also compared with results from a nonlinear optimization technique (Powell's method), and a comparatively better value was obtained for the benefit-cost ratio. In general, advantages of the proposed model include the application of a finite difference scheme to solve unsteady flow equations for any combination of tunnels and surge tanks, optimization of all components (tunnel, penstocks, and surge tanks) together, and account for their interactions. Furthermore, the model benefits from a fast and efficient technique to optimize diameters in accordance with a new proposal (i.e., 20% increase to the Thoma stability criterion for surge tank diameters), which works with continuous, discrete, or a mixture of continuous and discrete design variables (i.e., continuous surge tank volume and discrete tunnel diameters). Finally, the proposed model also considers the long-term costs and benefits of energy sale. For the multi-objective cases, an integrated global and local optimization approach is suggested. In this manner, GA solutions can be given to the Powell method as initial values for further improvement.
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Notation
The following symbols are used in this paper: A = cross-sectional area; A g = valve opening area at time t; A g0 = initial valve opening area; A sp = surge tank cross-sectional area; a = wave speed; C = costs; f = Darcy Weisbach friction factor; g = acceleration due to gravity; H = pressure head; Hjk = overhead of Joukowski; H 0 = initial head at valve; k ht = friction coefficient for headrace tunnel; k T = surge tank throat friction coefficient; L ht = length of headrace tunnel; N = lifetime of the investment; Q = flow discharge; Q ht = flow discharge in headrace tunnel; Q p = flow discharge in penstock; Q 0 = initial steady-state discharge; R = Reynolds number; r = interest rate; t = time; V = flow velocity in the headrace tunnel; x = distance along the center line of the tunnels from reservoir; Z = elevation of the valve above datum; Z nþ1 sp = surge tank water surface elevation at time step n þ 1; z = surge tank water surface elevation at time step n; Δt = time step; θ = conduit center line angle with horizon; ρ = mass density of water; and υ = operation and maintenance coefficient.
Subscripts j = location along the x-axis; and n = time step.
